Phenotype-driven genetics can be used to create mouse models of human disease and birth defects. However, the utility of these mutant models is limited without identification of the causal gene. To facilitate genetic mapping, we developed a fixed single nucleotide polymorphism (SNP) panel of 394 SNPs as an alternative to analyses using simple sequence length polymorphism (SSLP) marker mapping. With the SNP panel, chromosomal locations for 22 monogenic mutants were identified. The average number of affected progeny genotyped for mapped monogenic mutations is nine. Map locations for several mutants have been obtained with as few as four affected progeny. The average size of genetic intervals obtained for these mutants is 43 Mb, with a range of 17-83 Mb. Thus, our SNP panel allows for identification of moderate resolution map position with small numbers of mice in a high-throughput manner. Importantly, the panel is suitable for mapping crosses from many inbred and wild-derived inbred strain combinations. The chromosomal localizations obtained with the SNP panel allow one to quickly distinguish between potentially novel loci or remutations in known genes, and facilitates fine mapping and positional cloning. By using this approach, we identified DNA sequence changes in two ethylnitrosourea-induced mutants.
Until recently, genetic mapping in the mouse was performed most efficiently by analysis of simple sequence length polymorphism (SSLP) markers both for initial identification of chromosomal (Chr.) localization and for high-resolution mapping (Dietrich et al. 1994) . A typical SSLP-based genome scan of 80-100 markers allowed identification of genetic intervals at low to moderate resolution. Chromosomal localization can be obtained with fewer markers and small numbers of mice if techniques such as haplotype analysis are employed (Neuhaus and Beier 1998) . Although SSLP-based genotyping has been used successfully for the genetic mapping of hundreds of mutations, it is labor intensive and any single SSLP panel is generally not fully informative for crosses using a variety of strain combinations.
Advances in genome sequencing have led to the discovery of thousands of single nucleotide polymorphisms (SNPs) in the mouse genome (Lindblad-Toh et al. 2000; Wiltshire et al. 2003; Pletcher et al. 2004) . Recently, several groups have demonstrated the utility of SNPs for examining the haplotype structure of the mouse genome (Wade et al. 2002; Fraser et al. 2004; Liao et al. 2004) ; for investigating relationships between inbred strains (Petkov et al. 2004; Pletcher et al. 2004) ; and for developing compu-tational methods for mapping qualitative and quantitative trait loci (QTL) in the mouse (Grupe et al. 2001; Liao et al. 2004; Pletcher et al. 2004 ). On a smaller scale, a strain-specific, lowdensity, genome-wide SNP panel was used to identify genetic modifiers (Owens et al. 2005) .
We sought to utilize SNP genotyping as an alternative to microsatellite marker analysis for mapping mutations in the mouse. We generated a whole-genome panel of 394 SNPs that can be used to map monogenic mutations in a high-throughput manner with small numbers of mice and without prior consideration of genetic background. By genotyping 28 inbred and wild-derived strains and by using the panel to identify map locations for 22 mutations, we demonstrate that the SNP panel is effective at identifying chromosomal localizations at moderate resolution by analyzing small numbers of affected progeny. Two ethylnitrosourea (ENU)-induced mutants that were mapped to subchromosomal regions using the SNP panel were further finemapped, and single base-pair mutations were identified by sequencing of candidate genes.
Results

SNP panel description
position and the extent of polymorphism between a few common inbred strains, primarily C57BL/6J, DBA/2J, 129X1/SvJ, and A/J. The panel contains 394 SNPs across 19 autosomes, with an average distance between SNPs of 5.9 Mb. To evaluate the informativeness of the whole-genome panel, genomic DNA from 23 inbred strains, five wild-derived inbred strains, and 10 F1 hybrids were genotyped, and the number of polymorphic SNPs between each pair-wise strain combination was determined (Supplemental data). The average informativeness between the laboratory strains we have tested (excluding those that are related substrains such as C57BL/6J and C57BL/10J) is 142 SNPs. C57BL/6J, one of the most commonly used inbred strains, is highly polymorphic in the panel, having between 179 and 314 informative SNPs among 22 other nonclosely related inbred strains.
The utility of the panel for mapping a mutation with a particular genetic cross depends not only on the number of informative SNPs but also on the distribution of those informative SNPs throughout the genome. With the exception of closely related strains, there is adequate genome coverage of informative SNPs for most strain pairs. Because of the bias in SNP selection among a few inbred strains, it is not unexpected that large gaps in informative SNPs will exist for even highly polymorphic strains; e.g., C57BL/6J and FVB/NJ have 211 informative SNPs with two large gaps between SNPs of 67 (Chr. 7) and 63 Mb (Chr. 14).
SNP-based mapping of monogenic mutations
To evaluate the usefulness of the SNP panel for mapping monogenic mutations, two mutants with unrelated phenotypes were selected for whole-genome scans. baldy (bldy) is a recessive ENUinduced mutant with wrinkled skin and hair loss that progresses to complete alopecia by 5 wk of age. Nine affected (C57BL/ 6J ‫ן‬ FVB/NJ) F2 mice were genotyped with the SNP panel, and linkage to distal Chr. 14 was evident from the haplotype data, which showed retention of alleles from the mutagenized strain (C57BL/6J) and statistically significant linkage (LOD = 5.22) at SNP C14.065.150 (62.3 Mb) ( Fig. 1 ). As there are no informative SNPs for the mapping cross distal to C14.065.150, the genetic interval lies between SNP C14.045.425 (43.6 Mb) and the telomeric end of Chr. 14 (117.0 Mb).
hydrops fetalis (hyft) is a recessive ENU-induced perinatal lethal mutant with dramatic embryonic growth deficiency, intravascular fluid accumulation, and frequent intrauterine demise (Herron et al. 2002) . The mutation was induced on the A/J strain, maintained by backcrossing to FVB/NJ for five generations, and then outcrossed to C57BL/6J for mapping. Since the mutation is recessive, the chromosomal region containing the mutation must be heterozygous for A/J and C57BL/6J alleles in the F1 parents and homozygous for the A/J allele in the affected progeny. Although the mice contain three genetic backgrounds, allele contribution can be distinguished by comparing the individual haplotypes of the affected mice across the chromosome where SNPs are polymorphic. Localization to a 34-Mb interval on Chr. 7 (07.039.006 [33.2 Mb]-07.072.795 [67.4 Mb]) was identified by analyzing one parental F1 and 11 affected F2 progeny ( Fig. 1 ). In addition to these analyses, we have genotyped affected mice from an additional 17 recessive and three dominant monogenic mutants; our results demonstrate that the SNP panel can be used to map mutations at moderate resolution with small numbers of affected mice (Table 1) . For all mutants, all 394 SNPs were genotyped, and noninformative SNPs were not included in the analy-sis. The average genetic interval obtained with the SNP panel was 43 Mb, with a range of 17-83 Mb. Of particular note is that the average number of affected progeny genotyped for each mutant was nine. Map positions were identified for four mutants by genotyping as few as four affected progeny. Although the number and distribution of informative SNPs in the chromosomal region of the mutation will affect the size of the genetic interval, there is, as expected, an inverse relationship between the number of affected progeny genotyped and the size of the genetic interval ( Fig. 2) . For all monogenic mutations described, genotyping of SSLP markers within the genetic intervals confirmed linkage.
Utilizing SNP genotyping analyses to facilitate positional cloning
Even low-resolution chromosomal localization allows one to quickly distinguish between potentially novel loci or remutations in known genes. This is of particular utility as a means to prioritize analyses in cases where large numbers of mutants are generated, such as ENU mutagenesis screens. The SNP-based genetic mapping of both baldy and hyft suggested that both were remutations in known genes. Allelism between baldy and the hairless (hr) mutation was investigated based on the similar skin and hair phenotypes and map positions on distal 14 (Cachon-Gonzalez et al. 1994) . Twenty baldy affected mice were homozygous for the mutated strain in a 70-kb interval surrounding the hr gene (62.3 Mb) (data not shown). Complementation testing between a baldy heterozygote and a rhino-hr RHJ/LeJ homozygote resulted in 12 of 22 progeny developing hair loss. The linkage of the baldy locus to hr and the failure to complement demonstrates that baldy and hr are allelic.
Sequencing of the hr gene in baldy homozygotes revealed a single base pair change from C to T in exon 2, a noncoding exon, introducing an out-of-frame ATG upstream of the normal translation initiation site (Fig. 3) . hr transcript is present in baldy affecteds; however, hr protein expression in skin is dramatically reduced (data not shown). Of four alleles of hr in which the sequence change is known, this is the first known mutation in a 5Ј noncoding region (Blake et al. 2003) .
High-resolution mapping of 11 hyft affected progeny with SSLP markers narrowed the genetic interval to 10 Mb, between D7Mit89 (51.0Mb) and D7Mit182 (61.6 Mb) (data not shown). The insulin-like growth factor 1 receptor (Igf1r; 54.9 Mb) was tested as a candidate for the mutated locus because of the similarity between the embryonic growth defect in hyft and Igf1r lossof-function mice (Liu et al. 1993 ). Igf1r protein expression was examined in E18.5 and P1 hyft affecteds and was found to be absent (Fig. 4) . Sequencing revealed a T to A single base pair change in exon 13 (Fig. 4) , which introduces a premature stop codon 5Ј to the transmembrane and kinase domain of Igf1r.
We have shown that by selecting several hundred SNPs based on polymorphism in a few inbred strains, the density and informativeness of our SNP panel is sufficient to map mutations with many strain pairs, including inbred and wild-derived strain pairs. The 22 monogenic mutants were mapped utilizing crosses with a combined total of 11 different strain combinations (Table  1) . Even for complex genetic studies, this SNP panel may provide a good starting point for whole-genome linkage analyses and for the design of additional panels for higher-resolution mapping. For example, preliminary results of a genetic modifier study suggests that this 394 SNP set identified a modifying locus of the DDK syndrome embryonic lethal phenotype in two wild-derived M. musculus domesticus inbred strains (LOD score = 10.1; 77 N2 mice) (F. Ideraabdullah and F. Pardo-Manuel de Villena, pers. comm.). Given the continuing advances in technology for high-throughput SNP genotyping, we anticipate that analyses using standardized genome-wide SNP panels will become a routine component of genetic studies in the mouse.
Methods
SNP assay design and genotyping
Polymerase chain reaction (PCR) primers and mini-sequencing extension primers were designed for each SNP, and SNPs were multiplexed into a maximum of five-plex pools by using Spectrodesigner software (Sequenom). Genomic DNA (2.5 ng, 1.25 ng/µL) was PCRamplified in a 5 µL reaction containing 0.1 U HotStar Taq polymerase and ‫ן1‬ HotStar Taq PCR Buffer (Qiagen), 2.5 mM MgCl 2 , 200 µM of each dNTP (USB), and 50 nM each PCR primer. Samples were incubated for 15 min at 95°C; followed by 45 cycles of 20 sec at 95°C, 30 sec at 56°C, and 1 min at 72°C; followed by 3 min at 72°C on a GeneAmp PCR System 9700 (Applied Biosystems). Excess dNTPs were removed from the reaction by addition of 0.3 U shrimp alkaline phosphatase (SAP; USB) in Thermosequenase RCTN Buffer (Amersham Biosciences) for 20 min at 37°C followed by 5 min at 85°C. Amplified PCR products were used as a template in a second, modified, singleprimer mini-sequencing reaction. Extension reactions contain 600 nM of extension primer, 50 uM dNTP, and ddNTP in Thermosequenase RCTN buffer, and 0.126 U Thermosequenase. Samples were heated at 94°C for 2 min followed by 45 cycles of 5 sec at 94°C, 5 sec at 52°C, and 5 sec at 72°C. The minisequencing reaction is then desalted by addition of SpectroClean resin (Sequenom) and spotted onto SpectroCHIPS (Sequenom) by using a nanoliter-plotting robot (SpectroPLOTTER, Sequenom). Chips were individually analyzed by using the Brukker Bi-flex pewter and dill mutants each were mapped by using two genetic crosses.
Figure 2.
Genetic interval size is inversely correlated with the number of affecteds analyzed.
MALDI-TOF mass spectrometer (Sequenom). The resulting spectra are converted to genotype data by using SpectroTYPER-RT software (Sequenom).
Genomic DNA preparation for SNP genotyping
Genomic DNA from all inbred and wild-derived strains, with the exception of 129S6SvEv (Taconic), was obtained from The Jackson Laboratory DNA Resource (Bar Harbor, ME) or from mice that were purchased from The Jackson Laboratory (JAX) and maintained on-site. 129S4SvJae DNA was obtained from the DNA stock 002497 (JAX). Genomic DNA was prepared from mouse tails either by a standard proteinase K phenol-chloroform extraction method or by using the PUREGENE Purification Kit for cells and tissue (Gentra Systems).
Polymorphism matrix
To compute the number of informative SNPs between each strain pair, only SNPs with genotype calls for each strain within a pair were considered. A list of all SNPs, megabase positions (Mb; NCBI Build 33), and genotypes of all inbred and wild-derived strains are included in the Supplemental material.
Mice
Strains C57BL/6J (B6) and FVB/NJ (FVB) used for genetic mapping of hyft and bldy were obtained from JAX. Complementation testing of baldy was performed with Hr rh-J (RHJ/LeJ, stock 001591; JAX).
Genetic mapping
baldy mice were maintained on the mutagenized strain, B6, and outcrossed to FVB for mapping. Affected F2 progeny of an F1 intercross were identified at weaning and SNP genotyped. Twenty F2 affecteds were genotyped with informative SSLP markers at the hr locus. hyft mice were generated by ENU treatment of the A/J strain (Herron et al. 2002) and maintained on FVB for five generations by serial backcrossing. N5 carriers were mated to B6, and F2 intercross affected progeny were SNP genotyped. A total of 11 hyft affecteds were genotyped with SSLP markers informative among A/J, B6, and FVB for fine-mapping. Mouse Genome Database (Blake et al. 2003) and Mouse Genome SSR Search (http://danio.mgh.harvard.edu/mouseMarkers/ musssr.html) were used as sources of SSLPs for fine-mapping or candidate gene linkage analysis.
SNP genotyping data analysis
We computed for each SNP marker the LOD score as log10 (probability of data given mutant locus/probability of data given nonmutant locus) by using only affected individuals. For an F1 intercross, assuming the mutant allele has genotype AA and the wild-type nonmutagenized strain has genotype BB, in F2 individuals a nonmutant locus expects to have genotype AA:AB:BB ratio of 1:2:1, but the mutant locus expects AA:AB:BB ratio to be 1:0:0. The appropriate allele ratios are specified for other genetic crosses accordingly. A genotyping error of 0.01 is assumed in the calculation. A hidden Markov model was used to calculate a smoothened LOD score curve by considering neighboring SNP genotypes in the inference of missing genotypes (Durbin et al. 1999; Supplemental data) .
A positive LOD score provides evidence that a SNP marker is close to the mutant locus. We chose the LOD score of three as the threshold, which means the locus is 1000 times more likely to be mutant related than not. dChip software (Lin et al. 2004; www. dchip.org) is used to visualize the data, perform the computation, and convert SNP genotypes to A, B, or AB alleles.
Protein extraction and immunoblotting
Protein was extracted by homogenizing hyft +/+ , hyft ‫מ/+‬ , and hyft ‫מ/מ‬ E16.5 whole fetuses and E18.5 and P1.0 heads in nondenaturing lysis buffer (1% Triton X-100, 50 mM TrisHCl at pH 7.4, 300 nM NaCl, 5 mM EDTA, 0.02% sodium azide, 10 mM iodoacetamide, 1 mM PMSF, 2 µg/mL leupeptin). Protein extracts (100 µg) were electrophoresed on a 7% acrylamide gel, and a Western blot was performed according to standard procedures. The Western blot was hybridized with a mouse IGF-1R␤ antibody (sc-713; Santa Cruz Biotechnology, Inc.). The hybridization signal was detected by using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce).
